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Neutron-scattering study of the nuclear and magnetic structure of Dy and associated
vibrational and magnetic excitations
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Neutron-diffraction and inelastic-scattering measurements of the hexagonal rare-earth trideuteride DyD
were undertaken between 1.27 and 295 K. Rietveld-refiﬁ&il-symmetric models of the diffraction data as
well as the observed neutron vibrational spectra indicate that;OyPrystallographically isostructural with
YD; and HoD, over the temperature range measured. Belgyx 3.33(4) K, the Dy sublattice becomes
antiferromagnetically ordered, with the 5.25¢4) moment along the direction. In addition, the first crystal-
field excitation for thelJ=15/2 Dy ion has been identified at 7(8) meV.[S0163-182609)02318-9

INTRODUCTION cluded by the sufficiently fast spin relaxation still present at
this low temperature.
Besides their interesting optical propertiésthe hexago- Typical of the other heavier rare-earth trihydride

nal trihydrides of a number of the heavier rare-earth metalssystems?3 DyH, was found by x-ray diffraction to possess
namely, G Dy,* and Er° were found by magnetic- an hcp metal lattice. Although no NPD studies of Dyiave
susceptibility measurements to undergo an antiferromagnetiseen reported, such studies of the related kigEef. 14 and
ordering transition at low temperature, with ordering tem-YD4 (Refs. 15—1Y systems have indicated a single structure

peratures of 18, 32, and 0.6 K, reSpeCtiVEIy. To the best %ossessin@?cl (ng) Symmetry_ Figure 1 disp|ays a sche-
our knowledge, no neutron-scattering-based magnetic studiggatic of the corresponding unit céiee Table | for nuclear
have been performed subsequent to these early works to asositions, which is a ¢3xv3)R30° expansion of the con-
certain the details of the nuclear and magnetic structures angentional hcp unit cell in thab plane @=v3a,y, c=¢;). To
the related crystal-field excitations. Indeed, it appears thaaiccommodate the D atoms, there is an increase iic-tds
such studies concerning the magnetic behavior of the rareseparation between metal basal planes compared to the vir-
earth hydrides have been largely limited to the cubic dihy-gin hcp metal. The D atoms occupy unusual interstitial posi-
dride phase8.With this in mind, we undertook a neutron- tions instead of the more conventional octahedml and
scattering study to characterize the nuclear and magnetietrahedral(t) sites. The [ atoms are displaced vertically
configurations of DyR as well as the associated vibrational toward the metal planes.e., m siteg from their idealo-site
and magnetic excitations. positions, with correlated siting at either in-plan@) or
DyD, forms by a first-order phase transition from the fcc near-plane fi2) threefold positions. The presence of each
B-phase DyD., whenx exceeds~0.18’ (The correspond- Dy, atom causes a slight radial expansion of the three neigh-
ing phase boundary for DyH, has been reported to occur boring metal atoms, yielding lateral displacements from the
at ~0.23%) Vajdaet al® investigated the magnetic structures high-symmetry positions. The ) atoms are divided evenly
of B-DyD,. , by neutron powder diffractiofNPD), improv-  between sites slightly above and below the metal planes. The
ing on some earlier work by Shakest all° For x=0, an  D; atoms undergo correlated horizontal displacements with
incommensurate antiferromagnetic structure was observe@spect to the positions of thgPatoms. In particular, when
below 5.0 K, which transformed with hysteresis into a nearlya Dy, atom is vertically displaced aboveelow) the metal
commensurate antiferromagnetic structure bele@.5-3.5 layer, the three nearest-neighboy &toms in the D layer
K. For x=0.135, no long-range magnetic order was ob-above(below) the metal layer move away from the vertical
served. Rather, a single broad magnetic feature was suggedisplacement axis, and the three nearest-neighbat@ms
tive of only short-range magnetic order belewt—6 K. The in the O layer below(above the metal layer move toward
linewidth was consistent with the presence of magnetic dothe vertical displacement axis. The contraction and expan-
mains of~30 A. sion of the correspondingDriads are nonradial, occurring
The magnetic susceptibility of DyHwvas found by Carlin  with significant horizontal twists.
and Krausé to pass through a broad maximum at 3.5 K In the most recent YB studyl® the assumption of full
followed by a substantial decrease upon a further lowering obccupation of thenl andm2 sites resulted in exceptionally
the temperature, with the 3B K antiferromagnetic order- large temperature factors for thg,atoms along the axis.
ing temperature determined from the maximum value of theThis suggested that some partial disorder of thg dboms
temperature derivative of the susceptibility. Earlier'$de was occurring along this axis. The disorder appeared to in-
bauer results failed to observe the hyperfine structure an-volve c-axis displacements of some,@toms from in-metal-
ticipated from magnetic ordering of DyHeven at 1.6 K. plane (nl) to near-planerfil’) positions as well as from
Carlin and Kraustpostulated that, since DyHvas an insu-  near-plane fi2) to in-plane m2’) positions, such that the
lator, the magnetic hyperfine splitting was probably pre-total m-site occupancies of the metal-plane and near-metal-
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et al?° corroborated the greater stability of tR8c1 struc-

ture for YH; compared to the alternative fcc structure by
first-principles, total-energy calculations. The drawback of
these calculations was the prediction of metallic behavior for

the P3cl structure. This seemed inconsistent with the opti-
cal and electrical measurements on ,Yby Huibertset all
which indicated that YHwas an insulator with a large band
gap. Subsequently, Kellgt al?* suggested by similar calcu-
lations that a lower-energy, broken-symmetB3() insulat-

ing structure existed, more consistent with the measurements
of Huibertset al. Unfortunately, this structure appeared to be
inconsistent with the NPD studi®s’ for YD3, which failed

to observe the extra Bragg reflections that would accompany
the lower symmetry. More recently, Ahug al?? have per-
formed total-energy calculations for the higher-symmetry

P3cl structure using an all-electron, full-potential, linear

muffin-tin orbital technique and have indeed predicted an
electronic structure with a small band gap. Finally, Eder
et alZ® have indicated that the prediction of a band gap in

these materials results quite naturally from the inclusion of a
charge-dependent radius for the H ion in the band-structure
calculations.

z=1

3/4

172

o

041 ml EXPERIMENTAL PROCEDURE

RRRRENER

S

Synthesis of the Dypsample was accomplished by the
following procedure. Approximatel5 g of high-purity Dy
ml (Johnson Matthey, 99.99 at. % metal purity; with 50, 30, 20,
and 1 ppm impurity levels for Cu, Al, Fe, and Mn, respec-
tively) were slowly loaded with B (Cambridge Isotope
Laboratories 99.98% isotopic puritypy gas-phase absorp-
tion in a quartz tube at 873 K. After absorbing2 D/Dy
Dyn2 (which is the maximum expected uptake at this temperature
~0.18 under the final vapor pressure of 80 kPa) Do form the
cubic dideuteride, the temperature was loweredr @gvé to
D 455 K under a similar B pressure. During this cool down,
the sample absorbed additiona} B form the bulk of the
final trideuteride. The sample was held at 455 K for 15 h
under 53 kPa B then cooled to room temperature 295 K)
over 1 h. After equilibration for an additiohd h atroom
temperature, the Pwas evacuated from the quartz tube and
the tube was quickly placed inside a He-filled glovebox. The
DyD; was removed from the quartz tube and pulverized us-
ing a mortar and pestle. Next, the finely powdered sample
was placed within an Al foil pouch and reloaded into the
quartz tube for a final treatment in 67 kPa & 473 K for 15

~0.32

m2'

1/4

~0.09

R

z=0 a

FIG. 1. Exploded view of th@3c1 structural model previously
determined for YIQQ (Ref. 16. Horizontal displacement vectors in-
dicate the direction of thé and metal-site displacements. In the
perfectly ordered structuré, m1, andm2 sites are fully occupied

while m1’ andm2’ sites are empty. In the proposed partially or-
dered structureml’ andm2’ sites are partially occupied with re- h, followed by a cool down to room temperature over 1.5 h.

duced occupation ahl andm? sites, as described in the text. The The final stoichiometric ratio as determined by quantitative

c-axis locations of the various layers are labeled with the valuey/olumetric uptake was 2.9¢8) D/Dy, which is in line with
determined from the disorder-model refinement. the reported ratio for a similarly prepared sanfpisiter the
D, was reevacuated from the quartz tube, the sample was

plane layers remained unchanged. This condition is fulfilledunloaded once again in the glovebox and placed into a
when the occupancies of tlel’ andm2’ disorder sites are double-walled annular V container (50 mmil2 mm outer
equivalent. The occupancies of these sites, which would bdiam. and 1 mm annular cavity thickngs®r neutron-
zero for perfectly ordered Y)) were found by model fits to scattering measurements. The annular geometry was used to
range from~13% at the lowest temperatures t+a18% at minimize the effects of the large neutron absorption cross
400 K. section for Dy(850 b at 1.54 A?* The V container was
Theoretical calculations concerning the hcp rare-earthpromptly sealed to minimize any slow room-temperature
trinydride structure have been the subject of some controevolution of D,. With this procedure, negligible D was lost
versy in recent years. Wang and CHdt? and Dekker before final isolation in the container. Moreover, due to the
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TABLE |. Comparison of the?3c1 nuclear parameters for Dyand YD; (Ref. 16 using the perfect-order and partial-disorder models.
[n and B refer to occupancy and temperature factor, respectively. Constraints for the disorder mode{Dgge)=1/4; z(Dyy/)
=2(Dma); N(Dpmz) =N(Dpy1) =1—N(D2); N(Dmy) =1—2n(Dyypr); B(Dpyy) =B(Dpar) =B(Dz) =B(D2) 1.

Perfect-order model

Partial-disorder model

(YD3) (DyDy) (YD3) (DyDy) (DyD5y)
Atom Position Parameter 295 K 295 K 295 K 295 K 1.27 K
a(A) 6.34402) 6.34422) 6.344G2) 6.34432) 6.32811)
c(A) 6.59973) 6.59843) 6.59992) 6.59833) 6.59121)
V(A3) 230.032) 230.0G2) 230.042) 230.012) 228.581)
R 6f 2. (x,0,1/4)  x 0.66377) 0.66897) 0.66377) 0.67216) 0.67334)
(Y, Dy) n 1 1 1 1 1
B(A?) 0.342) 0.41(2) 0.392) 0.362) 0.232)
D, 129 1 (x,y,2 X 0.35215) 0.3441) 0.35285) 0.3511) 0.34799)
y 0.03213) 0.03289) 0.03173) 0.0311) 0.0271)
z 0.09032) 0.08995) 0.09032) 0.08985) 0.09283)
n 1 1 1 1 1
B(A?)
B1(A?) 1.901) 1.8(2) 2.11(9) 0.73) 0.71)
B, (A?) 1.91) 3.13) 1.659) 3.94) 4.003)
Bay(A?) 1.134) 2.1(1) 1.11(4) 1.7(1) 1.066)
B (A?) 1.4(1) 2.02) 1.238) 1.22) 1.2(1)
B1x(A?) 0.1(1) 2.1(2) 0.1(2) —0.42) 0.31)
B,y(A?) —0.065) 0.5(2) —0.11(5) 0.22) 0.91)
Dm1 2a 32 0,01/ n 1 1 0.6769) 0.574) 0.7873)
B(A?) 0.843) 0.937) 1.106)
B11(A?) 0.52) 0.04)
B2A(A?) 0.52) 0.04)
Bas(A?) 6.7(4) 16(3)
B1AA?) 0.248) 0.02)
D1/ 4c 3. (0,02 z 0.18143) 0.18047) 0.17686)
n 0.1624) 0.222) 0.161)
B(A?) 0.843) 0.937) 1.106)
D2 4d 3. (132/3%) z 0.18746) 0.1942) 0.18143) 0.18047) 0.17686)
n 1 1 0.8384) 0.792) 0.841)
B(A?) 0.84(3) 0.937) 1.106)
B (A?) 0.848) 1.22)
B, (A?) 0.848) 1.22)
Bax(A?) 2.81) 3.24)
B (A?) 0.424) 0.6(1)
Dpno/ 4d 3. (132/%) z 1/4 1/4 1/4
n 0.1624) 0.222) 0.1611)
B(A?) 0.477) 0.937) 1.106)
Ry(%) 4.66 4.02 4.38 4.05 3.36
Rup(%) 6.14 4.74 5.57 4.77 3.95
X2 1.042 1.023 1.051 1.036 1.269

small sample dead volume, very little D was lost in order towere used to synthesize a 5-g sample of Bftt vibrational
establish the equilibrium Pvapor pressure in contact with spectroscopic measurements. The sample was loaded into an
the sealed sample, and no further effort was made to repregd flat-plate container and measurements were performed in
surize the container with D During the experiments, the a temperature-controlled, closed-cycle He refrigerator.
sample was mounted in a pumpable liquid-He, top-loading All experiments were performed at the Neutron Beam

cryostat.

Split-Core Reactor within the NIST Center for Neutron Re-

Similar procedures and H(Matheson Research Grade search. The NPD measurements were taken with the high-
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resolution, 32-counter BT-1 diffractomefér.The Cu311)  pility results for DyHs. Extra peaks of magnetic origin are
monochromator was used at a wavelength of 1.880A.  more clearly delineated by the low-angle region of the dif-
The wavelength was calibrated using a NIST Si standargerence pattern in the Fig. 2 inset, where the nuclear portion
reference material. The horizontal divergences werg, 15 of the nucleatmagnetic model fit is subtracted from the
20', and 7 of arc for the in-pile, monochromatic-beam, and 1 »7 g powder pattern. At all temperatures measured, good
diffracted-beam collimators, respectively. Data were COI'fits, such as the one in Fig. 2, were obtained for the Bragg

lected every 0.05° over afZangular range of 3 to 168°. All o . —
refinements were carried out with the Rietveld meffia- peaks of nuclear origin with the JdisorderP3cl model

ing the programssas?’ Neutron-scattering amplitudes used Sug9ested previously for Y{° No obvious changes in

in the refinements were 16.9 fm for Dy and 6.67 fm fofD. _nuclear structure were ev!dent between 1.27 and 295 K. As
Wavelength errors were not included in the standard deviall the YD study, the [3-disorder model could be replaced
tions of the unit cells, i.e., the precisions reported in thisby @ perfect-order model in which the elongated &ratter-
paper for the structural parameters reflect the quality of thénd density along the-axis direction is taken into account by
data and the corresponding Rietveld refinement model, aghe addition of a significant anisotropy in the temperature
suming a fixed neutron wavelength. factors for the I3, atoms. In either case, model refinements

The temperature dependence of the magnetic orderintpdicated D/Dy stoichiometric ratios of 3 within the preci-
transition and crystal-field excitations were investigated ussion of the fits, which is consistent with the D uptake mea-
ing the BT-2 triple-axis spectrometer. For the diffraction surements and places an upper limit of the order of 1% for
data, the P@02 monochromator was used at a wavelengththe m-site vacancy fraction. Table | compares the nuclear
of 2.35 A with a PG filter. The horizontal divergences wereparameters determined from both model fits with those de-
60, 40, 40, and 40 min of arc for the in-pile, monochromatic-termined for YD,.
beam, and diffracted-beam, and detector collimators, respec- At 295 K, the perfect-order model yielded the agreement
tively. The magnetic inelastic data were collected with aparameterf,=4.02%,R,,,=4.74%, andy’=1.023. Com-
fixed final energy of 14.7 meV. pared with the YR results:® the model refinement indicated

The neutron vibrational spectra for DyRnd DyH; were similar anisotropic behavior in the temperature factors for all
measured with the BT-4 spectrometer using the low-Of the D atoms. For example, thgpand O, atoms exhib-
resolution Be filter and high-resolution Be-graphite-Be-filterited exceptionally larg®s; values of 163) A°and 3.24) A%,
analyzers. The corresponding final energies were taken as 3t@spectively. The data suggested that thg Demperature
and 1.2 meV, respectively. The horizontal divergences fofactor for DyD; was significantly more anisotropic than that
the in-pile and monochromatic-beam collimators were botHor YD3. The D atoms also exhibited somewhat large aniso-
20 min of arc for the low-resolution configuration and 40 tropic componentdB;;= 1.8(2) A2, B,,=3.1(3) A?, and
min for the high-resolution configuration. The full-width-at- Bs;=2.1(1) A?], which is suggestive of positional disorder
half-maximum(FWHM) instrumental resolution is displayed and/or a division of the Patoms into more than one type of
with the spectra. crystallographic site.

The model fit using the preferred Bdisorder P3cl
model yielded good agreement paramet&s=4.05%,
Rwp=4.77%, andy?=1.036. The lattice constants at 295 K

Figure 2 illustrates the Dyppowder pattern measured at for the DyD;s unit cell were a=6.3443(2) A andc
1.27 K, and the corresponding fit determined by Rietveld=6.5983(3) A [co/a,=v3c/a=1.8014(1) compared with
refinement. The data indicate that long-range magnetic order.5732 for Dy metdf]. Isotropic temperature factors were
is present at 1.27 K, consistent with the magnetic suscepti.937) A? for all D,, atoms. Again, there was considerable

RESULTS AND DISCUSSION
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40 80 120 160 200 FIG. 4. The magnetic diffraction pattern revealed from BT-1
data by subtraction of the measured patteré K from that at 1.27
K.

FIG. 3. A comparison of the neutron vibrational spectra for
DyHaat 17 K an-d Y"i at 10 K. Open circles are data Co”ecteq with netlca”y along thec aX'S, Wlth an Ordered moment Of
the high-resolution filter. The instrumental resolutidgAwWHM) is 5.25(4)u
depicted by the horizontal bars beneath the spectra ' B - " -

P : The data of Fig. 4 also indicate weak magnetic peaks at

scattering angles near 17° and 26°, which can be indexed as

anisotropy present for the tDternperature factor[Bll the (l, O, 1/3 and (l, O, 3/2 I’ef|eCtI0nS, I’espectlve|y. These
—0.7(3) A2, B,,=3.9(4) A2, and Bs;=1.7(1) A%, reflec-  extrareflections were confirmed by BT-2 measurements. For
tive of the expected positional disorder and/orPure ferromagnetic sheets, the intensities of such peaks

crystallographic-site division due to the assumeg dbsor- vyould be zero, and their obs.ervat|on mdpat_es that a d|s_tor—
der. tion of the basic ferromagnetic model exists in this material.

Figure 3 compares the neutron vibrational spectrum forOne possibility is that the distortion originates from D-site

: . . disorder, which provides a distortion of the local site sym-
Dtyng it %A?dK Wt'th the hlgth(T(r-reS(f)ltur;uo? specfcra?ﬁrc])r YHt3 metry of the Dy atoms. A second possibility occurs by noting
at . - Advantage vaas aken o g arger 'nﬁ(_) erent scaly, ot the in-plane Dy lattice is triangular. In the case of anti-
tering cross section for H compared to D in this system tGg . omagnetic interactions, such a lattice would be fully frus-

help compensate for the attenuation of the scattered beafhiay and hence one might expect that an antiferromagnetic

due to the substantial absorption cross section of Dy. Thﬁistortion might have chiral symmet?.Applying such a
measured vibrational spectrum for DyM@isplayed similar

isotope-shifted features as DyHut the signal-to-noise ratio
was less than satisfactory. The similarity of the H vibrational
density-of-states spectra is in line with the NPD results, in-
dicating that the trihydrides of Dy and Y are crystallographi-
cally isostructural. As previously pointed out for such a
structural arrangemeft;*° considering the relative geom-
etries and metal-hydrogen bond lengths of thandt sites,
it is probable that the-axis-polarized vibrations of the H
atoms account for the lowest-energy vibrational band near 56
meV, and the orthogonab-plane-polarized vibrations ac-
count for the highest-energy vibrational band near 159 meV.
Yet, it is clear that any detailed analysis of the entire vibra-
tional spectrum requires more rigorous theoretical calcula-
tions.

The data in Fig. 2 reveal additional resolution-limited
Bragg peaks that are magnetic in origin, and these are shown

Neutron Energy Loss (meV)

more clearly in Fig. 4, where the data & K have been ¢
subtracted from the data obtained at 1.27 K. If there is no

significant structural distortion associated with the magnetic

ordering(as is indicated by the structural refinementien B

this subtraction technique eliminates the background and
nuclear Bragg peaks, revealing the magnetic diffraction
pattern>! The strongest magnetic Bragg peak is identified as
the (0, 0, 1/2 reflection, which indicates that the basic mag-  FIG. 5. The basic magnetic structural model of the Dy spin
netic structurgsee Fig. % consists of pairs of ferromagnetic ordering in DyD;, in which ferromagnetic sheets of spins in tie
sheets of spins in thab planes that are stacked antiferromag- planes are stacked antiferromagnetically alongctiaeis.
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FIG. 6. Temperature dependence of the @,Omagnetic- FIG. 8. Temperature dependence of the intensity and energy of
ordering peak intensity for Dyp the crystal-field excitation for Dyp

distortion to the ferromagnetic layer indicates that a relativeyround state are observed up to an energy transfer of 25
rotation of each spin by-10° from the parallel configuration ey
would yield the correct intensity for these extra peaks. How-  The intensity of the crystal-field transition is proportional
ever, with only two additional peaks, the information thatyy the population of the initial statéassuming Boltzmann
can be obtained is limited, and this model for the distortionsiatistics, and a dipole matrix element that couples the initial
should only be considered suggestive. Additional data omynq final stated® Some matrix elements can be quite small,
single crystals will likely be needed to fully elucidate the o even zero by symmetry, so that the data of Fig. 7 do not
ground-state magnetic configuration. _ unambiguously identify this excitation as the first excited
The temperature dependence of the intensity of(h@,  state. To explore this question, Fig. 8 shows the intensity of
1/2) magnetic Bragg peak is shown in Fig. 6. The magnetighis excitation as a function of temperature. The intensity
intensity is proportional to the square of the sublattice Magdyoes not vary significantly from low temperature to 50 K,
netization, and we see that the ordered moment variegile if there were another unobservable level at an energy
smoothly with temperature. There is no evidence of any thergypstantially lower than 8 meV, then the probability that the
mal irreversibilities, and all indications are that the phasqjy ion would be in the crystal-field ground state would de-
transition is second orddi.e., continuous in nature. The crease, and the intensity should drop. However, we do not
solid curve is' a fit to a mean-field model and gives an estiypserve a significant drop until the 8 meV levelhich cor-
mate of the Nel temperatureTy) of 3.334) K. responds to a temperature 6f90 K) begins to acquire a
Inelastic measurements were carried out to search fojgnificant thermal population, and this indicates that this
crystal-field levels of thdd=15/2 Dy ions, and Fig. 7 shows |eye] is in fact the first excited state. The intensity is then
data at 6 K(which is above the ordering temperatufer a  expected to decrease as the ground-state population is de-
wave-vector transfer of 1.8 &. We observe an excitation at pleted, and the solid curve is the calculated variation assum-
7.798) meV, which is a transition from the ground state to jng that both the ground and first excited states are doublets.
agreement is reasonable. A somewhat improved fit could be
obtained by introducing additionalunresolved levels at
~7.8 meV, effectively increasing th@uas) degeneracy of
the first excited state. However, adding another fitting pa-
rameter in the present case is unwarranted in our view, and in
any event this does not effect the primary conclusion that
only the (double} crystal-field ground state is significantly
occupied when the system is magnetically ordered. In other
words, the higher-energy crystal-field levels do not play a
significant role in the magnetic phase transition or spin dy-
namics of the ordered state. We remark that at 100 K there is
already a substantial intrinsic linewidth to the excitation, and
this makes it difficult to extend the measurements to higher
temperatures.
Finally, Fig. 8 also indicates that there is no significant
E (meV) temperature dependen_ce to the_en_e_rgy over this temperature
range, with the exception of a significant shift in the energy
FIG. 7. Inelastic-scattering spectrum of DyBt 6.0 K display- below the ordering temperature. Of course, in the ordered
ing a crystal-field excitation at 7.78 meV. state the ions can no longer be considered independent, and

200
150 |

100 |

Counts/5 min.

50 |
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the magnetic excitations will acquire some dispersion as thgescribed by a model that assumeg positional disorder
collective behavior sets in. It would be informative to inves- glong thec axis, although a model that assumes perfegt D
tigate the spin-wave _excitations in the ordered state if Sing'?)ositional order with highly anisotropic thermal factdre.,
crystals become available. large c-axis componenjs also fits the data. The low-
SUMMARY temperature data indicate the onset of antiferromagnetic or-
dering along thec axis atTy=3.33(4) K. The first crystal-
The NPD results for Dyband the NVS results for Dyl field excitation is found at 7.78) meV, which implies that
are in accordance with the3c1 crystal structure proposed the Dy atoms are in their crystal-field ground-state configu-
by the earlier YIQ study. The Dy[Q structural data are well ration at the ordering temperature.
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